This study focuses on the mechanisms responsible for enhanced oil recovery (EOR) from fractured carbonate reservoirs by surfactant solutions, and methods to screen for effective chemical formulations quickly. One key to this EOR process is the surfactant solution reversing the wettability of the carbonate surfaces from less water-wet to more water-wet conditions. This effect allows the aqueous phase to imbibe into the matrix spontaneously and expel oil bypassed by a waterflood.
Introduction
Typically only approximately a third of the original oil in place (OOIP) is recovered by primary and secondary recovery processes, leaving two-thirds trapped in reservoirs as residual oil. Approximately half of world's discovered oil reserves are in carbonate reservoirs and many of these reservoirs are naturally fractured (Roehl and Choquette 1985) . According to a recent review of 100 fractured reservoirs (Allan and Sun 2003) , carbonate fractured reservoirs with high matrix porosity and low matrix permeability especially could use EOR processes. The oil recovery from these reservoirs is typically very low by conventional waterflooding, due in part to fractured carbonate reservoirs (about 80%) being originally less water-wet. Injected water will not penetrate easily into a less water-wetting porous matrix and so cannot displace that oil in place.
Wettability of carbonate reservoirs has been widely recognized an important parameter in oil recovery by flooding technology (Tong et al. 2002; Morrow and Mason 2001; Zhou et al. 2000; Hirasaki and Zhang 2004) . Because altering the wettability of a rock surface to preferentially more water-wet conditions is critical to oil recovery, alteration of reservoir wettability by surfactants has been intensively studied, and many research papers have been published (Spinler and Baldwin 2000) . Vijapurapu and Rao (2004) studied the capability of certain ethoxy alcohol surfactants to alter wettability of the Yates reservoir rock to water-wet conditions. Seethepali et al. (2004) reported that several anionic surfactants in the presence of Na 2 CO 3 can change a calcite surface wetted by a West Texas crude oil to intermediate/water-wet conditions as well as, or even better than, an efficient cationic surfactant. Zhang et al. (2004) investigated also the effect of electrolyte concentration, surfactant concentration, and water/oil ratio on wettability alteration. They reported that wettability of calcite surface can be altered to approximately intermediate water-wet to preferentially water-wet conditions with alkaline/anionic surfactant systems. Adsorption of anionic surfactants on a dolomite surface can be significantly reduced in the presence of sodium carbonate.
Xie and co-workers reported that after imbibition of reservoir brine had ceased, immersion of a field core in surfactant solution can produce an additional 5 to 10% OOIP, and they ascribed this additional oil recovery to increased water wetness of the core (2004) . Serrano-Saldaña et al. (2004) examined wettability conditions of solid/brine/n-dodecane systems at various surfactant concentrations and different ionic strength. They concluded that the wettability in solid/oil/brine systems could be changed by diffusion, through the aqueous phase of surfactant species that were originally present in the oil phase while the gradual adsorption of these molecules on the solid walls modifies the surface energy.
Standnes reported that spontaneous imbibition (SI) into carbonate porous medium can be improved when it is exposed to a water phase containing cationic surfactants of the type CnTAB (alkyl trimethyl ammonium bromide), and developed a simple analytical model to obtain quantitative information about SI rates of aqueous surfactant solution (2004) . Standnes and Austad (2002) studied nontoxic and low-cost amines as wettability alteration cationic surfactants in carbonates. The mechanism for the wettability alteration using C 10 -amine is proposed to be desorption of strongly adsorbed carboxylate groups from the carbonate surface by the formation of ion-pairs with the surfactant monomer.
Bryant and co-workers (2004) studied wettability alteration induced by adsorption and removal of amine surfactants of known molecular structure on mica surfaces that were exposed to decane solutions of the surfactants. Low pH conditions that promote protonation of the surfactant amine groups produced the greatest wettability alteration. Above a pH of 8 or 9, no adsorbed surfactant molecule remained on mica surface (Bryant et al. 2004) .
It is generally accepted that adsorption of polar compounds onto rock surface has a significant effect on the wettability of reservoirs (Tie and Morrow 2005; Morrow 1990; Anderson 1986; Madsen et al. 1996; Madsen and Lind 1998; Thomas et al. 1993; Zou et al. 1997; Legens et al. 1998; Zhang and Austad 2005) . In other words, the wettability of hydrocarbon reservoirs depends on the specific interactions in the oil/rock/brine systems. Naphthenic acids are the products of extensive oxidation of crude oil and play an important role in wettability control of reservoirs. Carboxylic groups in naphthenic acids from the crude oil are the most strongly adsorbed material onto the rock surface, and they may act as "anchor" molecules for other surface-active components present in the crude oil. However, there is only limited knowledge of the influence of organic acids on the three-phase system of oil/brine/rock.
In this paper, we will present and discuss (1) adsorption of naphthenic acids (NAs) on calcite powder from n-decane (model oil) at room temperature and the relationship between molecular structure of naphthenic acids and their adsorption from nonaqueous media; (2) wettability of the calcite powder pre-treated with various naphthenic acids and the influence of molecular structure of naphthenic acids; and (3) contact angle of water surrounded by air on the surface of a calcite crystal pretreated with various naphthenic acids. These data also provide insight into the influence of molecular structure of naphthenic acids on calcite surface energy. In addition, increasing the water wettability of the surfaces of the porous matrix by use of surfactant aqueous solution is also presented and discussed. Furthermore, data are presented for some selected surfactants on recovery of model oil from limestone core through spontaneous imbibition tests.
Experimental

Materials.
Calcite crystals (Iceland Spar) used in our study for measurement of contact angle were purchased from WARD's Natural Science (Rochester, New York). Calcite powder for measurements of adsorption of naphthenic acids from non-aqueous phase and flotation test is purchased from Alfa Aesar Company (Ward Hill, Massachusetts) and are activated at 120°C for 2 hours before being used for experiments. The powder has an average particle size of 5 m, and a specific surface area of 1.67 m 2 /g. NAs studied in this research come from Aldrich, Inc. (St. Louis, Missouri) and were used without any purification. The naphthenic acids investigated are: (1) cyclohexanecarboxylic acid; (2) cyclohexanepropionic acid; (3) cyclohexanebutyric acid; (4) cyclohexanepentanoic acid; and (5) trans-4-pentylcyclohexanecarboxylic acid. Their molecular structures and related physical parameters as reported by the vendor are listed in Table 1 .
Surfactants investigated are mainly divided between a series of cationic and nonionic chemicals. Table 2 lists these surfactants and their structure and properties as reported by the respective chemical vendors. Cationic surfactants are included because literature reports these can have good oil recovery performance. Two commercial Arquad samples are studied here because they could be practical commercial cationic surfactant products. Four pure cationic surfactants are included because their defined chemical structure allows easier interpretation between their structure and behavior/oil recovery performance. The nonionic surfactants are included in the study because they have been field tested successfully in fractured carbonate reservoirs. The commercial nonionic products selected are low-cost, plus their known differences in structure allow interpretation of their chemical structure and oil recovery performance. Finally, sodium dodecyl sulfate (SDS) is included as a benchmark material, being perhaps the most common example of an anionic surfactant. Additional anionic surfactants were not considered because this was beyond the scope of the current study.
Measurement of Adsorption of NAs on Calcite Surface From Nonaqueous Phase.
(1) Prepare naphthenic acid solution in ndecane. Solutions were made from 0.005 to 0.067 M, which is equivalent to a total acid number (TAN) ranging from 0.45 to 5.1 for the selected naphthenic acids. TANs were calculated as the amount (in mg) of KOH that would be required to neutralize NA in 1 gram of the oil. (2) Mix 10 ml naphthenic-decane solution with 0.5 g calcite powder in a test tube, and shake the test tube at room temperature for 16 hours to establish adsorption equilibrium. (3) Separate the solution and calcite powder with a centrifuge. Remove the supernatant solution for analysis of the equilibrium concentration of NAs via GC-MS (Hewlett-Packard HP-G 1800A GCD system). Naphthalene (C 10 H 8 ) was used as internal standard.
Flotation Test for Wettability of Calcite Powder With Adsorption of NAs. We developed a simple flotation test to demonstrate the relative change in the surface water-wetting conditions for a calcite surface caused by exposure to different NA chemicals. This test uses the concept that with a powdered calcite sample (initially strongly water-wet) that more of this material will float in water as it is rendered to become less water-wet.
After the measurement of adsorption, the separated calcite powder in each test tube was dried at 85°C to remove any ndecane. 10 ml of distilled water was added to the tube, followed by vigorous shaking for 2 minutes. The volume of calcite powder at the bottom (water-wet portion) and top (less water-wet portion) were measured. After sitting for 2 hours, a final reading was taken for the volume percentage of calcite powder at the top and the bottom.
Measurement of Contact Angle of Water on Calcite Surface.
(1) Clean new calcite crystals by rinsing with heptane and toluene, and then dry the samples in an oven at 85°C for 1 hour. (2) Prepare various naphthenic acid solutions in decane at 6.62×10 −2 M, which is equivalent to a TAN of 5 for all selected naphthenic acids. (3) Immerse the clean calcite crystals in each naphthenic acid solution in decane for 24 hours at room temperature. Remove the crystals and dry them in an oven at 85°C for 1 hour to remove all extra solvent. (4) Measure the advancing contact angle through a droplet of water that sits on the pretreated calcite crystal surface surrounded by air and at room temperature with an Advanced Goniometer (Model 500, Rame-Hart, Inc.). The crystal sample was placed in an environmental chamber saturated with distilled water. The contact angle was recorded every minute until the change of contact angle is less than 0.2°within a 10-minute interval. (5) Break a large calcite crystal to small pieces in order to get a fresh surface. Measure advancing contact angle of water on the new surface, using the same method as described in Step 4.
Model Oil for Surfactant Performance Testing.
Based on the results of the experiments described previously, a model oil composition was selected that makes a calcite surface much less waterwet. The model oil used for the remainder of the study that investigated surfactant effects was selected: cyclohexanepentanoic acid at 1.48 wt% in -decane. This is equivalent to a TAN of 4.50.
Flotation Test of Wettability Alteration by Selected Surfactant
Aqueous Solutions. Aqueous surfactant solutions were added to test tubes at different concentrations (100, 50, and 25 ppm) containing powdered calcite pretreated with the model oil. Almost all of this powder floats in the absence of any surfactant (the wateronly case). After shaking the test tube vigorously for 2 minutes, it sat for at least 2 hours. The volume of calcite powder at the bottom and top was measured. If there was foam at the top, the bubbles were broken before taking a reading. The larger the fraction of the powder that sinks, the better the surfactant's performance in changing the surface wettbility back to a more water-wet condition.
Interfacial Tension (IFT) Measurement. In order to study equilibrium phase behavior at the oil and aqueous solution interface, the model oil and surfactant aqueous solution were mixed in a test tube in 1:1 volume ratio. The test tubes were shaken at room temperature and left standing for at least two weeks to achieve phase equilibrium. The IFT between the top oil layer and bottom water layer was measured by a spinning drop interfacial tensiometer, Model 510 from Temco, Inc. An oleic phase drop (2 l) was placed into a glass tube containing the aqueous phase, and spun at high speed. Spinning continued until observing an equilibrium condition (normally<2 hours), as indicated by no change in drop shape for 30 minutes at a temperature of 30°C.
Spontaneous Imbibition Test of Model Oil
Recovery. The last series of experiments compares the ability of each of these different surfactants to recover the model oil phase from outcrop limestone 2.5 cm×5.1 cm cores. The air permeability of these cores is fairly low, ranging from 5 to 20 md. The limestone cores were first dried at 120°C for 2 hours to remove adsorbed moisture. After cooling to room temperature, the cores were placed in a vacuum system for 4 hours and the model oil was introduced and allowed to saturate the cores overnight. Then the saturated cores were placed into Amott cells Standnes 2004) containing the various surfactant solutions at a concentration of 0.4 wt% in distilled water. Amott cells are glass beakers with a burette attached to the top of the beaker. As the aqueous phase imbibes into the core, oil is expelled from the core and floats into the volumetric burette. The cells were maintained at room temperature and the oil recovery was monitored vs. time.
Results and Discussion
Adsorption of Naphthenic Acids on Calcite Surface From NDecane Media. Adsorption isotherms of selected NAs on calcite surface from n-decane are shown in Fig. 1 . In general, adsorption of the NAs on calcite surface from n-decane media is in the order: cyclohexanepropionic acid>cyclohexanebutyric acid>cyclo-hexanepentanoic acid>cyclohexanecarboxylic acid>trans-4-pentylcyclohexane carboxylic acid. Because cyclohexanepropionic acid, cyclohexanebutyric acid, cyclohexanepentanoic acid, and cyclohexanecarboxylic acid are analogues, it indicates that adsorption of the NAs decreases with increase of alkyl chain length, with the exception of cyclohexanecarboxylic acid. This may be explained by the interaction between alkyl chain of NA and n-decane molecules. The longer the alkyl chain, the stronger the interaction between acid and solvent molecules; this reduces the NA adsorption. As to the exception of cyclohexanecarboxylic acid, the steric exclusion of cyclohexane ring directly connected to the carboxyl group in its molecules reduces its adsorption. Steric exclusion also may explain the low adsorption of trans-4-pentylcyclohexane carboxylic acid. The adsorption layer is formed by orientation of carboxyl groups toward calcite surface because the surface carries positive charges (Legens et al. 1998) .
Note that if the data in Fig. 1 are expressed in more typical engineering units of adsorption as mg of NA per g of calcite powder vs. the TAN, the adsorption amounts still have the same sequence of highest to lowest.
Flotation Test of Calcite Powder Treated With Different
Naphthenic Acids. The general procedure for this flotation test method has been described previously.
Photos of the flotation test of calcite powder treated with different NAs are shown in Fig. 2 . Tubes 1 to 5 contain powdered calcite samples treated with the five selected NAs separately. The volume of the less water-wet (floating) powder for the five investigated NAs is in the following order: trans-4-pentylcyclohexane carboxylic acid∼cyclohexanepentanoic acid>cyclohexane butyric acid>cyclohexanepropionic acid>cyclohexane carboxylic acid. It is almost in reverse order of adsorption on calcite surface. This indicates that their ability to alter calcite surface to become less water-wet depends on their molecular structures only. For example, although its adsorption is smallest among the five investigated acids, trans-4-pentylcyclohexane carboxylic acid reduces the water-wetting nature of the calcite powder the most. On the other hand, for the blank sample, powdered calcite sample with no NA treatment, completely sinks in the water (Tube 6), indicating that the calcite surface remains in its original strong water-wet condition.
The volume percentages of the powder that floats in the water at different NA molar concentrations are shown in Fig. 3 . It can be seen that the wettability alteration of calcite surface by selected NAs increases gradually with an increased concentration for cyclohexanepropionic and cyclohexanebutyric acids. The wettability changes only very slightly for the other NAs.
Wettability of Calcite Crystal (Iceland Spar) Surfaces Treated
With Different NAs. The contact angle through a droplet of water on a solid calcite surface surrounded by air is another measure of surface wettability. This was done on the calcite crystal surface pretreated with different NAs and the results are shown in Fig. 4 . Note that after 50 minutes when equilibrium is reached, the contact angle of water on the calcite surface treated with the selected NAs is in the order: trans-4-pentylcyclohexanecarboxylic>cyclo-hexanepentanoic>cyclohexanebutyric>cyclohexanepropionic>cy-clohexanecarboxylic>fresh calcite surface (without treatment of NA). This is exactly in the same order as the flotation results and so agrees with that method results.
The untreated calcite surface has the smallest contact angle for water, which is 21°. The contact angle decreases with time for the various NAs. This may be because of trace amounts of the adsorbed NA layer on the calcite being transferred from the treated surface to the water phase because of solubility effect. As this occurs, there is less NA on the surface and so the contact angle gradually decreases until no more phase transfer occurs. This explanation is supported by the fact that the contact angle changes very little for the blank samples.
Furthermore, these results indicate, as expected, that the degree of induced decrease in water-wetting increases as the NA is more hydrophobic. For example, cyclohexanepentanoic acid (alkyl chain with five carbons) increases water contact angle more than the cyclohexanepropionic acid (alkyl chain with only three carbons) or cyclohexanecarboxylic acid (no alkyl chain). It is recog- where ␥ LV is surface tension of water, 72 mN/cm at 25°C, and ␥ SV is the interfacial tension at the interface of solid and vapor. In our case, it can be used for estimation of the surface energy of calcite surface; ␤ is a constant of 0.0001247 m 4 /mJ 2 . Although this constant was originally obtained with polymer surfaces, it has been used successfully as an approximation for ␥ SV calculation of natural surfaces such as apatite crystals (Suzuki et al. 2004 ). Even if the actual value of this constant is a bit different for calcite, the calculated surface energy data (solid-vapor surface tension) of the calcite surface treated with various NAs (Table 3 ) have the same relative ranking. From these data, the fresh calcite surface has the highest surface energy. It indicates again that calcite surface is originally water wet. For the surfaces treated with NAs, the sur- face energy decreases with an increase of -CH 2 -groups in the NA molecules. For example, a calcite surface treated with cyclohexanecarboxylic acid has almost the same energy as fresh surface because there is no -CH 2 -group in the molecule. On the other hand, the surface treated with trans-4-pentylcyclohexanecarboxylic acid has the lowest energy as it has one -CH 3 and four -CH 2 -groups.
Wettability Alteration Using Surfactant Aqueous Solutions at Different Concentrations.
In order to investigate the ability of surfactants to reverse the treated calcite surface to strongly waterwet conditions, eight surfactants were selected. Calcite powder was treated with model oil (n-decane containing 1.48 wt.% cyclohexanepentanoic acid, TAN‫.)05.4ס‬ The wettability alteration results are listed in Table 4 . This shows the percentage of the pretreated calcite that can be made to sink (made more water-wet) by mixing with different candidate surfactant solutions. Of the surfactants tested by this procedure, the commercial cationic surfactant, Arquad T-50, has the best performance, with just a 25-ppm concentration, causing more than half of the floating calcite powder to now sink. Of the nonionic surfactants, the Igepal CO-530 has the best performance, showing at 50 ppm approximately 95% of the floating calcite powder sink to the bottom of the tube. The one anionic surfactant, sodium dodecyl sulfate (SDS), has essentially no effect on changing the wetting of the treated calcite powder.
One factor that could be important to the wetting reversal and imbibition performance of a surfactant is its ability to remove the NA compound from the carbonate surface. Presumably if these components are stripped away from the surface, then the carbonate would have the desired water-wet condition. This is exactly the mechanism proposed for the action of cationic surfactants (Standnes and Austad 2000; Barenblatt et al. 2002) . These authors speculate that the cationic surfactants form ion-pairs with the dissociated NA anions in the aqueous phase, and that this action provides a means to transport the adsorbed NA from the surface. These same authors hypothesize that the mechanism for wetting reversal for nonionic and anionic surfactants is not the removal of the surface-absorbed NA species, but instead that these surfactants co-adsorb on the carbonate surface. This so-called bilayer adsorption, wherein the surfactants have strong hydrophobic-hydrophobic interaction with the adsorbed NA species, leaves the polar head group of the surfactants sticking out into the bulk solution. The hydrophilic groups of these adsorbed surfactants then provide a water-wet layer near the surface.
Measurements were performed by GC-MS to examine the fate of the adsorbed NA on the calcite surface. The starting point is the test tube samples from the flotation test described previously. Because all of the NA initially is on the calcite powder, any NA detected in the aqueous surfactant solution must represent NA desorbed from the calcite surface. The GC-MS method is calibrated by running samples of known concentration of cyclohexanepentanoic acid solution dissolved in n-decane. Unknown samples are taken from the aqueous surfactant solutions in the previous calcite powder flotation test. Results are shown in Table 5 . All of the samples show detectable amounts of NA are transported into the aqueous phase. As expected, the cationic surfactants desorbed more of the NA from the calcite surfaces, because strong ion-pairing should have enhanced that process. The anionic SDS surfactant appears to have removed a significant amount of the NA, but still had little success in changing the wetting as indicated by the flotation test. This is because strong adsorption of SDS itself on calcite surface reduces the water-wet condition remarkably. This was demonstrated in a simple test: mix 1 g of new calcite powder with 10 g of 1000 ppm surfactant aqueous solution in a test tube and shake it vigorously. For the SDS, all of the calcite powder floats on the aqueous phase. However, for other cationic and nonionic surfactants, the powder sinks in the aqueous phase.
Spontaneous Imbibition Test of Porous Limestone Cores.
As a follow-up to the flotation test, 12 surfactants were selected for spontaneous imbibition test to evaluate their ability to recover oil from porous limestone core material. Experimental procedures were described previously. All surfactant solutions were prepared with distilled water at 0.4 wt.% concentration and the test was conducted at 25°C. The selected surfactants are seven ionic surfactants, including one anionic and six cationic surfactants, and five nonionic surfactants. Most of them are commercial products. Molecular structure, critical micelle concentration, HLB values, and IFT results, as well as cumulative oil recovery are listed in Table 2 .
In general, the results show: (1) Oil recovery by the cationic surfactants is between 40 and 60%, except for n-decyl trimethylammonium bromide (C 10 TAB), which can recover only 12% of the oil. (2) Oil recovery by use of nonionic surfactants is between 10 and 20%, except for nonylphenoxypoly ethanol (Igepal CO-530), which has around 50% oil recovery. (3) Oil recovery by the sodium dodecyl sulfate (SDS) is low, with only 6.8% of the oil. (4) There is some rough correlation between the observed oil recovery and the IFT. Surfactants with high oil recovery (>40%) show generally a low IFT (∼0.5 mN/m). However, for the cationic surfactants, n-decyl triphenylphosphonium bromide (C 10 TPPB) and n-dodecyl triphenylphosphonium bromide (C 12 TPPB), the oil recovery is higher than 50%, but the IFT is also relatively high, at 3.6 and 2.0 mN/m, respectively. The low IFT cases may include gravity effects in their oil recovery, whereas a case with high IFT likely has oil recovery controlled by a uniform imbibition process. (5) There is no obvious relationship between oil recovery and critical micelle concentration (CMC). Molar concentrations of these surfactants at 0.4 wt.% were calculated and are listed in the table. They all are higher than the CMC of the surfactants except for C 10 TAB and C 12 TAB. For the C 10 TAB, however, it may show less oil recovery in part because it is far below its CMC; if the mechanism relies on this cationic surfactant forming aqueous complexes between its monomers and the adsorbed NA, then not maximizing its monomer concentration could hurt its performance. For nonionic surfactants, their molar concentrations are greater than their CMC by two or three orders of magnitude.
The cumulative oil recovery curves for ionic and nonionic surfactants are shown in Figs. 5 and 6, respectively. These plots use the square root of the time (days) as the x-axis because this way the data plot as a straight line where diffusion processes are involved (Barenblatt et al. 2002) . Among the six cationic surfactants, during the early time (less than 5 days), the recovery rates are almost the same. This indicates that early oil recovery is governed by imbibition of water near the surface and subsurface around the limestone core. Once the pores are filled by surfactant aqueous solution, the surfactant molecules move to the next pores. As the process continues, the recovery rate will depend significantly on diffusion of surfactant molecules. Faster diffusion aids in the penetration of the surfactant molecules, and hence oil recovery. For a given surfactant and a porous core, higher surfactant concentration and temperature should improve diffusion rates and hence oil recovery performance (Standnes and Austad 2003) .
One important point is that if diffusion is the major driving force toward oil recovery, then this surfactant EOR process faces limitations when the matrix blocks are large. For example, it has been calculated that surfactant penetration could require hundreds of years to penetrate as far as one meter into a matrix block (Adibhatla et al. 2005) . Thus, in carbonate reservoirs with few fractures and a relatively small fracture face area, the percent of oil recovery may be limited. Fig. 7 and Table 6 show that duplicate runs of several of the surfactants show good reproducibility. As another check on the experimental procedure, one imbibition oil recovery was performed with only water. As expected, this blank run with no surfactant had very little recovery. This demonstrates the core soaked with and containing the model oil has a low water-wetting condition. This same behavior of minimal spontaneous imbibition by water (no surfactant) was noted in additional tests by the model oil and also a West Texas crude oil with a moderate acid number (data not shown).
The four cationic surfactants, C 10 TAB, C 12 TAB, ARQUAD C-50, and ARQUAD T-50, are quaternary ammonium salts with different alkyl chains. The shorter chain C 10 TAB has relatively poor recovery as compared to these other three products. The other two cationic surfactants, C 10 TPPB and C 12 TPPB, show the best performance in this test series. These are quaternary phosphonium salts with a C10 and C12 straight alkyl chain, respectively. Because of their very bulky hydrophilic head, their molecules cannot pack tightly at oil/water interface. Therefore, both of them do not produce a low IFT at the interface. The mechanism responsible for oil recovery by this kind of phosphonium surfactants is currently unknown. But this, perhaps, indicates a new direction of candidate selection for EOR in fractured carbonate reservoirs.
The SDS is included as a benchmark anionic surfactant for our test program. This solution recovers only 7% of the oil. Its poor performance may be attributable in part to strong adsorption of SDS on the limestone surface because of a strong electrostatic attraction. Therefore, SDS molecules are prevented from diffusing into the core pores and forcing oil recovery. The literature does report, however, reduced anionic surfactant adsorption and good oil recovery if the aqueous surfactant solution is at high pH and has an optimal salinity for the specific reservoir conditions .
For the five nonionic surfactants used in our spontaneous imbibition test, they are ethoxylated primary or secondary alcohols with a linear or a branched alkyl chain as shown in Table 2 . Among them, Tergitol 15-S-3, Tergitol 15-S-7, Tergitol 15-S-40, and Neodol 25-7 recover limited amounts of oil from the limestone core. The ethoxylated nonyl phenol Igepal CO-530 (Rhodia, Inc.) has by far the best performance of these nonionic surfactants, recovering as much as 50% from limestone core. This is comparable to the oil recovery by the cationic surfactants, C 12 TAB, ARQUAD C-50, and ARQUAD T-50. Note that this observation is consistent with the result of the wettability alteration flotation test discussed in the previous section of this paper. Another feature of the Igepal CO-530 is it has almost the lowest IFT of tested surfactants. Conclusions 1. Adsorption of naphthenic acids on calcite surface in n-decane media is in the following order: cyclohexanepropionic acid>cyclohexanebutyric acid>cyclohexanepentanoic acid. Because these three naphthenic acids are analogues in terms of molecular structure, this indicates that adsorption of the NAs decreases with increase of alkyl chain length. As to cyclohexanecarboxylic and trans-4-pentylcyclohexane carboxylic acids, their adsorption is similar. Adsorption of trans-4-pentylcyclohexanecarboxylic acid is slightly less than that of cyclohexanecarboxylic acid because the former has a longer straight alkyl chain of five carbons. 2. For the flotation test, the trend in the reduction in water-wetting of calcite powder with different naphthenic acids is in the following order: trans-4-pentylcyclohexane carboxylic acid∼cy-clohexanepentanoic acid>cyclohexanebutyric acid>cyclo-hexanepropionic acid>cyclohexanecarboxylic acid. It is almost in reverse order of adsorption on calcite surface. This indicates that their ability to alter calcite surface to become less water-wet is not related directly to their adsorption on calcite surface, but depends on their molecular structures. As to calcite powder without treatment of naphthenic acid, it is originally strongly water-wet. 3. Contact angle and novel flotation test results are consistent in ranking the relative wetting condition. At equilibrium, the contact angle through water in air on the calcite surface pretreated with naphthenic acids is in the following order: trans-4-pentylcyclohexanecarboxylic∼cyclohexanepentanoic>cyclo-hexanebutyric>cyclohexanepropionic>cyclohexanecarboxylic> fresh calcite surface. This is in agreement with the wetting changes observed in the flotation test results. 4. Among the 12 surfactants studied, cationic surfactants are generally more efficient in recovering model oil from limestone core than the others, but one nonionic surfactant, Igepal CO-530, has also been found to be efficient for oil recovery. For the two quaternary phosphonium cationic surfactants, C 10 TPPB and C 12 TPPB, these phosphonium surfactants with bulky head groups recovered the model oil in limestone cores most efficiently.
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